Abstract: Most canals have either long travel times or insufficient in-canal storage to operate on demand. Thus most flow changes must be routed through the canal. Volume compensation has been proposed as a method for easily applying feedforward control to irrigation canals. Software for automated canal management (SacMan) includes both feedforward routing with volume compensation and distant downstream-water-level control. SacMan was implemented on the WM canal of the Maricopa-Stanfield Irrigation and Drainage District, Stanfield, Ariz. Field testing was conducted for a 30 day period during 2004 where more than 50 deliveries to users were made with feedforward control. This paper presents results from some of these field tests and demonstrates the degree of water-level control achievable with combined feedforward (routing)-feedback control.
Introduction
Many irrigation districts in the western United States are in the process of or considering modernizing their operations. There is increasing interest in applying canal automation as part of the modernization effort. While a large number of articles on canal automation have been published over the last decade, few automatic systems have been tested on real canals, with the exception of local gate controllers. Early research on canal automation focused on downstream control. However, it is increasingly recognized that downstream control by itself is often not adequate. The ASCE test cases on canal automation included examples where downstream-water-level feedback is used alone and where feedforward (routing of pre-scheduled deliveries) and feedback are used together (Clemmens et al. 1998 ). Clemmens and Wahlin (2004) tested downstream-water-level feedback control and combined feedforward/feedback control on these test cases. Results clearly show that performance is much better when flow changes are routed through the canal with feedforward control. These tests included tuned conditions, where gate discharge coefficients and Manning roughness values are accurately known, and untuned conditions, where the controller (and its tuning), assume different values for gate discharge coefficients and Manning roughness values. Performance degrades under untuned conditions, but generally is still acceptable, at least when feedback and feedforward are combined. Bautista and Clemmens (2005) ran feedforward routing only on these test cases. They showed that errors in Manning n caused the performance to degrade a little. However, they did not run feedforward control with errors in gate discharge coefficients because errors would have been too large and unacceptable. Use of feedforward control assumes perfect knowledge of gate discharge settings. These setting are not known perfectly. Canal operators often need to make follow-up adjustments to accurately deliver flows. That is now viewed as a key role of feedback control-to make adjustments because of imperfect flow settings (i.e., from head-discharge relationships) and routing (i.e., timing). Clemmens and Strand (2010a) developed a software system (software for automated canal management, or SacMan) for automatic control of canals. SacMan contains two separate programs: SacMan Order is used to schedule feedforward delivery changes through the canal based on users' water orders (flow rate and start time). SacMan Order determines when flow changes should be made at each head and check gate with volume compensation. These changes are sent to the SacMan Control Program (CP). SacMan runs in parallel with a commercially available SCADA system. The SCADA system is set up to run the canal as with typical remote, manual control. SacMan CP communicates with SCADA through its process control database. SacMan CP determines the current status of the canal (e.g., water levels and gate positions) by reading values from the database, makes control calculations, and then writes these control actions (e.g., changes in gate position) to the database to trigger the SCADA system to move gates. A master-slave control logic is used where feedforward routing of demand changes and downstream-water-level control both make changes to the check structure target flow rate (incremental control), and a check structure flow controller computes the needed change in gate position for each gate and sends these changes to the SCADA system. The configuration allows feedforward and feedback to be seamlessly combined, and removes check structure hydraulics from the design of both feedforward and downstream-water-level feedback control. For complex, multigate check structures, this allows more flexibility in determining gate settings.
The SacMan software and its various control features were tested on the WM lateral canal at the Maricopa-Stanfield Irrigation and Drainage District (MSIDD). SacMan was used to control the canal nearly continuously from July 14, 2004 to August 13, 2004 . Clemmens and Strand (2010a discussed the SacMan system and the testing done during this period. Clemmens and Strand (201 Ob) evaluated the performance of various downstream-waterlevel feedback controllers in responding to disturbances on the canal. In this paper, we present results of feedforward routing of flow changes and the combined feedback-feedforward control.
changes are often not exact, and they suggested that feedback control should be used in combination with feedforward control. This volume-compensation method of routing is used in SacMan Order (Clemmens and Strand 2010a) .
To implement feedforward control with volume compensation, Bautista and Clemmens (2005) Wylie (1969) developed a numerical method for calculating the needed upstream flow changes for achieving a desired downstream flow change for a canal (i.e., gate stroking). A change in flow at the upstream end of a pool will arrive gradually at the downstream end due to wave dispersion. Gate stroking can theoretically overcome this wave dispersion. However, depending on the hydraulic conditions in the pool (e.g., Froude number), this initial flow change can be extremely large, sometimes unreasonable, and sometimes result in significant oscillation in the suggested inflow (Bautista et al. 2003) . Thus this approach has proven difficult and unreliable for routine use. Rogier et al. (1987) and Deltour (1992) described the control of Canal de Provence with dynamic regulation. The method computes the volume change needed in each pool based on forecasted demand changes and tabulated volume relationships. Parrish (1997) also suggested that pool-volume adjustments are a key to canal control. Bautista and Clemmens (2005) proposed the use of simple volume relationships to route flow changes through a canal. They suggested that performance is nearly as good as more complicated numerical routing (e.g., gate stroking), but is far simpler and more robust. They assume that the transient flow condition caused by the wave traveling through the pool will eventually settle out. As long as the correct volume has been added to the pool and the outflow is kept at the desired flow rate, the pool should stabilize at the correct level. Such routing is seldom perfect and flow-rate
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where ^2 = final flow rate and Q\= initial flow rate. Bautista and Clemmens (2005) discuss different options for this delay time. In general it ranges from the dynamic wave velocity, according to celerity, to the kinematic wave velocity, according to a monoclonal wave. Bautista et al. (2003) showed that the speed of the wave as defined by the volume-compensation delay [Eq. (2) ] lies between the dynamic and kinematic wave velocities. Because of its simplicity (i.e., only one flow change to provide the correct volume change), the volume-compensation delay was chosen for implementation in SacMan.
Field Testing at MSIDD
The SacMan automatic control software was implemented on the WM lateral canal at the Maricopa-Stanfield Irrigation and Drainage District in Central Arizona from July 14 to August 13, 2004. More details on the implementation can be found in Clemmens and Strand (2010a) . Tests were chosen from this study to document various features of feedforward and the combined feedforward-feedback control. The canal has a capacity of 2.8 m 3 /s. Canal pools and associated check structures are identified in Table 1 as WM-1 through WM-8, with WM-0 referring to the head gate. Canal pool capacities, pool length, and bottom widths are also shown in Table 1 . For all pools, the side slopes are 1.5 to 1.0, horizontal to vertical. The canal pool depths range The WM head gate is a rectangular sluice gate over a 1.5 m pipe. A power function was used to relate discharge to gate opening, based on canal operators' rules of thumb for operating this gate. (Relationship is very nearly linear, exponent=0.998.) The upstream level was not included since the head measurement was not available for these tests (monitored and controlled separately from these tests by district watermaster). Check gates are simple rectangular sluice gates, always under free flow. A simple sluice gate equation was used for these gates
where C d =discharge coefficient (=1.0); W=gate width; w = gate opening; 8 = contraction coefficient for the vena contracta (=0.61); g = acceleration of gravity; and h = upstream depth. Eq. (3) was used for all check gates, uncalibrated. In SacMan, the feedforward and feedback controllers determine a needed change in flow rate for a gate. The flow controller then determines the gate opening required to achieve the flow change for the currently measured upstream water level, by solving Eq. (3) for gate position, u. Gates on the WM canal are moved based on counts from an incremental encoder. One count on the encoder represents 0.9 mm of gate movement. SacMan CP determines an integer number of 0.9 mm gate movements based on the required gate position change. This integer number is sent to the SCADA system, which transfers this number to the gate controller at the gate. Turnout gates for this canal are sluice gates on 0.9 m pipes. These gates are submerged by a downstream weir. They include single path ultrasonic flow meters, but these meters are not monitored remotely. They were all operated manually, so are not part of the automatic control. They were typically designed for 0.43 m 3 /s, while delivery requests range from 0.1 to 0,35 m 3 /s. In this implementation of SacMan, feedback control occurred every 10 min and structure flow control occurred every 2 min. Feedforward control actions were moved to the closest flow control interval. Note that the delay time for pools WM-1, WM-3, and WM-4 are all very short, relative to this flow control interval.
HEC-RAS (Brunner 2008 ) was used to determine the coefficients in Eq. (1) for each of eight pools for three different Manning n values and for eight different water depths (Fig. 1 ).
Manning n values included the design value, 0.014, plus 0.018 and 0.022, since canal roughness would likely be greater than the design value. The check structure at the downstream end of each canal pool consisted of one or two check gates and weirs on either side of the gate(s). The weir elevations were the same as the top of the gate(s) when closed. The top of the canal lining was roughly 0.3 m above the weirs. This allowed significant flow to pass over the weir(s) and gate(s) if the gates were closed. For the test presented here, the set point water level was 0.06 m below the weir crest. Water depths for the volume tables included 0.6, 0.3, and 0.15 m below the weir crest; at the weir crest; 0.15 m above the weir crest; 0.075 m below the top of the lining; and at critical depth (if this was below the lowest depth above). Coefficient values for Eq. (1) are shown in Table 2 for Manning TZ=0.014 (which was used for all the test shown here) and for values of downstream-water depth that bracket the set point (weir crest level >0.06 m below weir crest >0.15 m below weir crest).
Actual feedforward delay times were computed with Eq. (2), with coefficients from Table 2 . For values of Manning n and downstream-water levels that differed from the tabled values, volumes were calculated from Eq. (1) for each combination and the volumes for intermediate values found from linear interpolation. An example of delay times for each pool is shown in Table 1 to give a sense of the size of the values. These were computed with Eq. (2) for volumes between 40 and 45% of capacity based on coefficients from Table 2 with the water level at the set point (60 mm below weir crest). It was not possible to determine realistic delay times from the inverse solution of Bautista et al. (2003) or similar models because individual WM canal pools have drops, changes in slope, culverts, and supercritical flow sections. also shows the delay times used for design of feedback controllers (Clemmens and Strand 201 Ob) , determined at 40% capacity with Manning n=0.014 and the water level at the set point. These delay times were based on observation of water-level response to step changes in discharge.
User demands were entered into SacMan Order, which determined the schedule of canal structure flow changes needed for the given demand changes from Eq. (2). The usual procedure was to start with the time requested by the user, compute the delay time for each pool, and then subtract the time, moving upstream to the head gate. Using the delays from Table 1 as an example, a flow change requested at WM-4 at 10:00 would require flow changes at the following times: WM-3 9:57, WM-2 9:55, WM-1 9:47, and WM-0 9:47. (These times would then be adjusted to an even 2 min increment). If the user wanted the water "as soon as possible" (ASAP), the procedure started when the head gate was opened and times were added, moving downstream until the flow change arrived at the user turnout. If an ASAP change was requested at 10:00, using the Table 1 example, the following changes would occur: WM-0 10:00, WM-1 10:00, WM-2 10:08, WM-3 10:10, etc. SacMan Order would then determine the time that the flow change would arrive at the turnout.
Downstream-water-level controllers for these tests are described in Clemmens and Strand (201 Ob) . These controllers adjust the flow rate in an attempt to move the water levels to set point. For example, if the water level in one of the pools is low, it suggests the need to bring more from upstream. For the tests given here, two different controllers were used: a PCj controller, which uses proportional-integral (PI) control from the downstream-water level to the gate immediately upstream plus additional control signals to 1 gate downstream and all gates upstream; and a fully centralize controller that sends PI control signals to each gate from each water level (PIL*), as described by Clemmens and Schuurmans (2004) . The "+" indicates that changes needed at one gate will be passed, in part, to all gates upstream. The "-" or "-1" indicates that part of a disturbance in one pool will be passed downstream to avoid a large water-level errors in any one pool. See Clemmens and Strand (201 Ob) for additional details on these controllers.
Test Results

Scheduled versus Unscheduled Demand Changes
On July 22, 2004 a test was run to change water demand by turning a well off and then on. The well pumps nearly 0.1 m 3 /s of groundwater into the canal just upstream from check WM-3. The first demand change was scheduled and, therefore, was handled by both the feedforward (SacMan Order) and feedback (SacMan CP) controllers. The second was unscheduled and was handled only by the feedback controller. The initial canal inflow was roughly 0.9 m 3 /s. SacMan Order was used to schedule the well turned off at 16:00. The downstream controller for this test was PI*!, designed at with a flow at 40% of capacity in each pool. Feedforward calculations used Eqs. (1) and (2) with coefficients from Table 2 . Fig. 2 shows the canal inflow. The feedforward control requests a flow-rate increase of about 0.1 m 3 /s at 15:50. Minor fluctuations can be observed at WM-1 and WM-2 as the wave travels downstream. Between 16:00 and 18:00, the level at WM-3 and further downstream hardly change. The dashed lines represent the water-level set points used by the downstream- water-level feedback controller. Pools WM-5 to WM-7 are not shown because the water-level changes were minimal. Pool WM-5 was under upstream level control. The well was turned on without scheduling at 19:00. This demand change caused a sudden increase of roughly 0.1 m in the level at WM-3 (Fig. 2) . The controller responded by decreasing the canal inflow and the flow through gates WM-1 and WM-2, forcing the levels in those two pools to rise. The controller also passes excess water downstream to WM-4. Since this was an operating canal, we could not impose larger disturbances in the water-level response. This disturbance is roughly 4% of capacity and is less than the flow rate typically requested by farmers. If such a flow change had been made further downstream, the waterlevel deviation would have been much larger due to the delay in response from upstream. Since the addition of feedforward control created much less disturbance, this test suggests that feedforward control is needed for routine operation of this canal. The flow controller at WM-7 held the discharge into that pool constant. The downstream controller used was PI^, designed at 80% of capacity (even though the flow for this test was at about 30% of capacity). Pool WM-5 was under upstream level control.
Demand changes scheduled by SacMan Order included the following: 1. Turn on WM-4, +0.14 m 3 /s, ASAP (6:35); 2. Turn off WM-8, -0.08 m 3 /s, ASAP (6:35); and 3. Increase sublateral WMA-1, +0.08 m 3 /s, 9:20. Changes in canal inflow can be seen in Fig. 3 at 6:35, for ASAP orders, and at 8:58, for WMA-1. What follows are minor fluctuations in water level as the flow increases are passed downstream, minor changes in canal inflow from the feedback controller, and distinct level changes when the turnout changes are made; at 6:47 at WM-4 and at 7:46 at WM-7 (for change at WM-8). At ca. 11:00, canal operators in the field noted that turnouts WM-6 and WM-7 were not receiving enough flow. The turnout gate flows were adjusted; at WM-6 at 10:30 and WMB-1 (pool WM-7) at 11:13. To compensate for these unscheduled changes, an addi-3:00 6:00 9:00 12:00 tional 0.03 m 3 /s was routed down the canal to WM-6 by SacMan Order starting at 10:46, with the assumption that feedback would settle out any differences. Note that water levels in pools WM-6 and 7, which were approaching their set point at that time, dropped when these turnout flow changes occurred, but eventually recovered. By 15:00 h, the canal had stabilized with all water levels essentially at their target values.
Large Demand Change
On July 21, 2004, turnout WM-2 was flowing at 0.297 m 3 /s and scheduled to go off at 7:00. The changes were scheduled in SacMan Order and implemented with the SCADA system. Feedback control used a PI^ controller designed at 40% capacity. The results are shown in Fig. 4 . The flow changed at the head gate and at WM-1 at 6:54. Pool WM-1 is extremely short and has a very short lag time. There was clearly a mismatch between the flow change at the head gate and at WM-1, as evidenced by the in-crease in water level at WM-1. This is a problem with gate calibration. It suggests the flow change at the head gate was larger than at WM-1. Since the upstream water level on the head gate is not measured and the check gates were not accurately calibrated, this mismatch is not surprising. The cause of the water-level deviation at WM-2 is less clear. The rapid rise in level occurs immediately after the turnout was closed, suggesting poor timing. Because there is a longer time delay in this pool, it is hard to separate the effects of lag time, wave dispersion, and flow accuracy. When the turnout was closed at 7:00, the total flow change from upstream had not arrived. Table 1 shows a typical delay time of 8 min, while the change was made 6 min ahead, likely due to differences in conditions and rounding. For pool WM-2, a change of 0.297 m 3 /s for 2 min would have caused 0.065 m water-level change (assuming pool backwater area=550 m 2 and constant flow downstream). The actual water level rose 0.064 m. So the sudden change in level at WM-2 could easily have been caused by poor timing. Most changes on this canal do not result in this severe of a water-level change, either because of larger pools or smaller flow changes; thus this small error in timing was not considered a problem. Yet even with these apparently significant errors, the water level stabilized in a few hours. More interesting about this example is that the water levels in pools WM-3 and WM-4 also rose (see subsection "Discharge Measurements" under the section "Discussion"). In addition, wells were pumping groundwater into the canal; 0.10 m 3 /s into each of pools WM-3 and WM-5. Thus the total inflow at the canal head gate, according to demands, was 0.45 m 3 /s. The feedback controller was PC, designed at 40% capacity. All pools were under feedback control, if active.
Adding Canal Pools to Downstream Control
At the start of this test, there was no flow in pool WM-8. In the normal operation of the canal, if there is no demand downstream and thus no flow in the canal, the operators would simply close the check gate downstream from the last active turnout and ignore the downstream part of the canal. Sometimes the last farmer would drain the canal, sometimes water would sit for a few days until another delivery was initiated, depending on time of year. Following this practice, SacMan was set up to ignore water levels downstream from the pool with the last active turnout. In this case, the water level at WM-8 was not being used in feedback control.
A new delivery was requested at 8:00 at turnout WM-8 for 0.17 m 3 /s and was scheduled with SacMan Order, as in the previous examples. Fig. 5 shows the step change in flow at the head gate at 6:00. Small spikes in the water level can be noted as each gate was adjusted. (Pool WM-1 is left off for brevity, as changes there were similar to those in WM-2). Ideal timing for this type of change would be similar to WM-3, where the heights of the positive and negative spikes are about the same. The controller was able to keep water levels in pools WM-4 and WM-6 very close to their target. Timing or flow-rate errors caused WM-2 to oscillate. 3:00 6:00 9:00 12:00 15:00 3:00 6:00 9:00 12:00 15:00 Maintaining the level at WM-5 with downstream feedback control is difficult, as shown in Fig. 5 . This pool was usually controlled with upstream water-level control, as in Fig. 3 . The timing for the flow change at WM-7 also seems adequate. The check gate was opened at 7:24 to allow the flow to pass down to WM-8. One can see a small drop in level (0.817 m). By 7:25 it had risen to 0.824, after which the gate at WM-7 was closed because the flow controller was not properly updated to add the new pool (WM-8). The SCAD A operator manually adjusted the flow set point to 0.23 m 3 /s at 7:40 and back down to the target flow of 0.17 m 3 /s at 8:00. Feed back control at WM-8 was turned on at 8:00. The software has since been modified to account for this routing to occur prior to the pool level being added to the control.
This example pointed out another difficulty with adding pools into the downstream controller. The initial level was well below the target level. We had not scheduled additional water to raise this level. In this example, the water level did not start rising until about 8:18. The turnout gate was actually opened at 8:24, which can be seen by the sudden drop in level because the full flow had not yet arrived. Feedback control requested additional flow at 8:10 (0.002 m 3 /s) because the level was 0.07 m too low. Feedback control continued to make adjustments after that without manual intervention. The canal was reasonably stable by 11:00, although some small oscillations persisted.
Sef Point Ramping
When we first implemented downstream-water-level feedback control, we were surprised at the large flow changes that were requested by the feedback controller. We quickly learned that this is a traditional start-up problem with feedback control. The control starts by assuming there is no water-level error, then the first observation is taken and any deviation in water level is assumed to have occurred over the previous time step (e.g., 10 min in our example). So the controller interprets this initial "sudden" deviation to be the result of a very large mismatch in flow. To avoid this problem, the initial set point was set to the existing water level, and then ramped to the desired operating level. This strategy proved unnecessary for deviations less than 10 mm. For deviations greater than 10 mm, we chose to ramp the set point at O.OT6 m/hr (^ft/hr). As discussed in this example, this strategy was not always successful. For very large initial deviations (>100 mm), water-level changes need to be treated as a scheduled change and computed with volume compensation. To evaluate the control system response to a change in the water-level set point, we tested changes in the water-level set point in pool WM-6. On July IT, 2004, the set point at WM-6 was ramped from O.TTT to 0.610 m starting at 18:02 at the rate of 0.076 m/hr without any associated change in canal inflow (Fig. 6) . The feedback controller in use was PIL* designed at 40% capacity with WM-5 under upstream level control. As the set point dropped, the water level dropped as the controller tried to minimize the water-level error. The water-level error was very small when the new set point was reach, at roughly 20:13. However, the continuous drop in water level occurred because inflow to the pool was much smaller than the outflow from the pool. When the set point was suddenly changed to a constant value, the water 12:00 15:00 18:00 21:00 0:00 3:00 level continued to fall in response to this flow mismatch. This caused the feedback controller to request additional flow from upstream, but not before the water level had dropped as extra 0.085 m. The feedback controller varied the canal inflow until it found a balance, which took several cycles. On August 5, the same test was run, but this time the volume change for the pool was determined with volume compensation, and that amount of volume was scheduled with SacMan Order. The flow rate for the change was calculated so that the pool would rise by O.OT6 m/hr. The change in flow rate was (change in volume over time=pool backwater surface area times rate of change of depth with time) (1385 m 2 )(O.OT6 m/hr) X(l hr/3600 s) = 0.03 m 3 /s. The results are shown in Fig. 7 , for both a set point increase and a set point decrease. During this test, a flow change was scheduled for turnout WM-4 at 15:00, -0.142 m 3 /s. As shown in the figure, the timing for this change was quite good, resulting in only a minor water-level deviation when the gate was closed. The feedforward actions can be seen in 4. A flow decrease at 21:30 to stop the change in set point at 22:37. It is interesting to note the slight differences in delay time for each change in flow according to the initial and final conditions. The other flow changes in Fig. 7 are the results of feedback waterlevel control, except the feedforward scheduled flow change at 14:42 (-0.142 m 3 /s).
Discussion
The application of automatic controls to this canal for a period of 30 days was extremely useful for identifying problems that can occur during application of automatic control techniques. In spite of canal and structure limitations, we have found the combined feedforward-feedback control to be an effective method for controlling canals. Based on these and more recent applications, we feel that this will be an effective procedure for most canals where the canal inflow can be manipulated. The feedback portion of this procedure will not be as effective for canals where the canal head gate cannot be controlled (i.e., delivery is dictated by supplier) or is a long distance from where turnouts effectively start. Dealing with canal inflow limitations and long travel times is the subject of ongoing research.
Discharge Measurements
This control method relies on flow-rate measurements at check structures, based on water levels and gate positions. In this study, we purposely did not attempt to accurately calibrate these check gates. We used incremental control to make relative changes to overcome problems with flow-rate accuracy. We wanted to demonstrate that this control method could be effective even if check gate flows were inaccurate. After these tests, we made a brief analysis of check gate calibration based on turnout and well meters when conditions were relatively steady. We noted that check gates WM-1 and WM-2 were essentially identical in size and configuration, yet the calibrations differed by roughly 10%. We had calibrated the pressure transducers in the same manner and they were checked periodically. We were not able to identify any reason for this difference, although we noted that the stilling wells for the pressure transducers were too close to the gate opening. At 15:00 on July 16, 2004 after water levels had essentially stabilized (Fig. 3) , the inflow to the canal appears to be higher than the sum of deliveries. However, the head gate is not an accurate flow measurement since the upstream and downstream levels are not measured. With incremental feedback control, the canal inflow is adjusted until it matches the flow to turnouts. If these flows are in error, it will just take longer to reach a balance. This test shows that combined feedforward-feedback control provides reasonable adjustments to gate discharges, even when headdischarge relations are not accurately known, and even when multiple changes are needed. It also demonstrates that downstream-water-level feedback is needed to correct for minor errors in timing and discharge settings.
For the test on July 21, 2004 (Fig. 4) , the flow controller was supposed to keep the flow through the WM-2 gate constant, which would have resulted in no change in downstream levels. In fact the measurements show that the flow through gate WM-2 increased slightly as the water level began to rise. The flow controller adjusted the gate every 2 min, based on the most recent water level. So the controller was always behind in its adjustments, typically 1 to 2 min. However, the measured change in water level at WM-3 is more than can be explained by recorded changes in flow at WM-2, and the level change at WM-4 is more than can be explained by flow-rate changes at WM-3. If the error had been caused by gate calibration errors, we would likely have seen a larger negative deviation in level at WM-3 when the level at WM-2 dropped below the set point. A more likely cause is a small error in the discharge spilling over the side weirs. The water-level set point is 0.06 m (0.2 ft) below the weirs. The weir flow is considered in computing the structure flow. If the pressure transducer offset is incorrect, then the weir flow will not be correct, and thus the gate flow setting computed will be wrong. (The pressure transducer was actually recalibrated a few days after this test, but the initial calibration was not recorded, so we can't confirm this hypothesis.) Even so, the feedback control for this case returned the water levels to their set points in a reasonable amount of time. Pools WM-5 to WM-7 are not shown in Fig. 4 because the water-level deviations were very small. Pool WM-5 was under upstream level control.
Conclusions
This paper presents results from the application of the volumecompensation method of feedforward control in conjunction with feedback control to the WM lateral canal at the MaricopaStanfield Irrigation and Drainage District in central Arizona. These results demonstrate the following: 1. Feedforward control is absolutely necessary for all but very small flow changes in this canal. Most scheduled flow changes cannot be adequately handled with downstreamwater-level feedback control alone (Fig. 2. ). 2. The volume-compensation method of control can handle multiple flow changes simultaneously (Fig. 3) . 3. Software for Automated Canal Management (SacMan) is an effective tool for implementing volume-compensation feedforward control and feedback control of water deliveries (Figs. 2-7 ). 4. Downstream-water-level feedback control is necessary for effective implementation of feedforward routing of flow changes. It compensates for mismatches in the timing of flow changes, wave dispersion, and errors in gate flow setting (Fig. 4) . 5. For the implementation of automatic controls on a canal, it is useful to apply feedforward routing for changes in pool level. This is particularly important during control start up and when a new canal pool is added to the downstream end of a canal (Figs. 5-7 ).
